Background
Intracranial aneurysm rupture is the main reason for spontaneous subarachnoid hemorrhage (SAH) [1] . Due to the high morbidity and fatality rate, as well as the possibility of rebleeding, intracranial aneurysm seriously threatens human life. Early treatment for intracranial aneurysm is of clinical significance for SAH patients. In recent years, with the advanced development of neural intervention technology and the replacement of nerve intervention materials, intracranial aneurysm embolization technology has been widely applied because of its less trauma and positive treatment results. However, treatments for wide-necked aneurysm and Richet's aneurysm are still difficult.
Coil embolization for treatment of intracranial rupture of complicated aneurysms encounter many difficulties in surgical procedures, which is not a feasible treatment method. The stentassisted coil embolization technology helps to stabilize the coils in the aneurysm, and contributes to the treatment of complicated intracranial aneurysms [2] . Although many studies have confirmed its effectiveness and feasibility, the rare complications during perioperative period are still worth noting [3] [4] [5] .
This study retrospectively analyzed the causes of complications of stent-assisted coil embolization of intracranial ruptured aneurysms, perioperative management and patient prognosis. We also discussed the precautionary points and treatment approaches for complications.
Material and Methods

Basic characteristics of enrolled patients
A total of 71 patients with subarachnoid hemorrhage (SAH) underwent stent-assisted coil embolization from 2015 to 2018 in Department of Neurosurgery, Suzhou Municipal Hospital and Renji Hospital, Shanghai Jiaotong University School of Medicine were retrospectively analyzed. Patients treated with simple coil embolization without stent and other interventions were not included in this study. There were 33 males and 38 females aged 26-79 years, with an average age of 61±7 years old. Based on the Hunt-Hess grade, 21 cases were grade I, 23 cases were grade II, 25 cases were grade III, and 2 cases were grade IV [6] .
Image examinations
All patients were preoperatively diagnosed as wide-necked aneurysms and Richet's aneurysm by aortocranial angiography. Among 71 enrolled patients, 59 cases were single aneurysm, 12 cases were multiple aneurysms (11 cases with 2 aneurysms and 1 case with 3 aneurysms), for a total of 84 aneurysms. There were 35 posterior communicating aneurysms, 18 anterior communicating aneurysms, 13 middle cerebral artery aneurysm, 6 ophthalmic artery aneurysms, 5 vertebral artery aneurysms, 3 basilar artery aneurysms, and 4 aneurysms at other sites. Besides, 63 cases were wide-necked aneurysms (tumor neck width >4 mm or neck size: aneurysm size >1: 2), 15 cases were Richet's aneurysms and 6 cases were dissecting aneurysms. According to Fisher grade, 37 cases were grade II, 21 cases were grade III, and 13 cases were grade IV.
Perioperative management
All patients received preoperative examinations, including routine blood test, biochemical test, coagulation test, electrocardiogram, and chest radiograph. After admission for 1 to 3 days, aortocranial angiography was performed under general anesthesia to confirm the number, size, and location of aneurysms. Intravenous injection of tirofiban was administrated before stent placement. The initial administration dose was 5 µg/kg and the injection should be completed within 3 minutes. Subsequently, the infusion was maintained at a rate of 5 µg/kg/ hour. No systemic heparin is used during the operation. After the procedure, 2.5 µg/kg/hour tirofiban was maintained for 2 hours. Nasal feeding of 100 mg aspirin and 75 mg clopidogrel was immediately performed after the procedure. Six months later, 100 mg aspirin was administrated for the lifetime. Head computed tomography (CT) was routinely performed at the follow-up duration to confirm the intracranial condition. Lumbar puncture or ventricular drainage was needed if necessary.
Surgical procedure
After successful general anesthesia, the right femoral artery was punctured with Seldinger technique and the 6F arterial sheaths were placed. Angiography was performed to determine the best working angle when catheters were guided in the right place. An interventional strategy was then established. With the guidance of microcatheter, 0.014 micro guidewire was sent to the appropriate position of the distal end of the aneurysm artery. After the microcatheter was placed in an appropriate place, the micro guidewire was withdrawn. Different stent catheter systems were selected according to the diameter of the aneurysm artery, and the Enterprise stent or LVIS stent system was delivered along the microcatheter. One or more micro-coils were used for tamponading aneurysm. Under the circumstance of partial coils were placed in aneurysm artery, stents were immediately released, and aneurysms were filled in sequences. Angiography was performed every time when coils were released to observe the aneurysm filling degree and aneurysm artery condition until the aneurysm artery was unobstructed.
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Results
Angiography results
The enrolled 84 aneurysms were treated with embolization with stent-assisted coil except for 1 case with multiple aneurysms. For this excluded case, the patient had C1 segment of internal carotid artery with ipsilateral A2 wide-necked aneurysm. After communicating with the family members of this patients, they asked for medication treatment for C1 segment aneurysm to observe the therapeutic efficacy. The remaining aneurysms were postoperatively evaluated based on the Raymond grade [7] . Among them, 62 aneurysms (73.81%) were treated with complete tamponade (grade I), 21 aneurysms (25.00%) were treated with near-total tamponade (grade II) and 1 aneurysm (1.19%) was treated with partial tamponade (grade III). The basic characteristics of enrolled patients are listed in Table 1 .
Clinical outcomes
Seventy-one aneurysm patients were followed up for 6 months. All aneurysms were evaluated based on GOS (Glascow outcome scale) [8] . There were 55 aneurysm patients that had GOS of 5 scores, 12 aneurysm patients had GOS of 4 scores, 3 aneurysm patients had GOS of 3 scores and 1 aneurysm patient had GOS of 1 score. There were 67 SAH patients with good prognosis (GOS of 4-5 scores). No patients died after the procedure. Six months later, there were 2 cases of aneurysm recurrence, and the recurrence rate was 2.38%.
Complications
Among 71 aneurysm patients, 9 experienced intraoperative and postoperative complications, with the incidence of complications was 12.7%. Three cases experienced acute thrombosis, 2 cases experienced aneurysm rupture during embolization and 1 case experienced postoperative focal ischemic changes with mild neurological deficits.
Intraoperative angiography found 3 cases of acute thrombosis, including 1 case of middle cerebral artery, 1 case of posterior communicating artery, and 1 case of basilar artery. After the occurrence of acute thrombosis, the angiogram showed that the blood flow of the aneurysm artery had no images because of the slow blood flow. Arterial contact thrombolysis was immediately performed via the microcatheter. Two patients were treated with slow infusion of tirofiban or urokinase, and there was no obvious absence of postoperative nerve loss ( Figure 1A , 1B). One patient with basilar artery aneurysm ( Figure 2A , 2B) was treated with stent-assisted aneurysm embolization ( Figure 2C-2E ). The basilar artery had no images after the surgery ( Figure 2F ). After a slow injection of 10 mL tirofiban for 3 times and 100 000 U of urokinase for 4 times in thrombus, repeated angiography confirmed that the aneurysm artery was still obstructed. Hence, angiography in the right internal jugular was performed and the results showed that the right posterior communicating artery was compensated for bilateral posterior cerebral blood supply ( Figure 2G ). Due to the release of the stent, the full length of the occlusion segment was covered by the Prowler Plus release solitaire stent 4.0/20 at the working angle, partially overlapping the Enterprise ( Figure 2H ). After the Solitaire stent was opened, angiography showed that the forward blood flow was restored, and the P1 segment (red arrow) of the posterior cerebral artery and the SCA segment (black arrow) of the superior cerebellar artery were visualized ( Figure 2I, 2J ). Intravenous injection of 5 mL/ hour tirofiban was continually administrated for 72 hours after the surgery. Subsequently, 100 mg aspirin and 75 mg clopidogrel were administrated. After the operation, there was no obvious neurological dysfunction except for transient diplopia.
No obvious ischemic changes were found in CT after the surgery ( Figure 2K ).
Intraoperative aneurysm rupture occurred in 2 cases. One case was intraoperative tamponade hemorrhage. Angiography showed aneurysm tip rupture, and the stent was rapidly released to tamponade the aneurysm (Figure 3 ). Postoperative neurological deficits were only mild and long-term follow-up data indicated that the patient could take care of himself.
Another case was carotid-like wide-necked aneurysm in the posterior communicating artery (Figure 4) . The aneurysm ruptured with an injection of a high-pressure injector system. were performed to prevent vomiting aspiration. Then 10 mg diazepam was intravenously administrated to control epilepsy. Stent-assisted interventional embolization was performed under general anesthesia. Postoperative cranial CT showed extensive subarachnoid hemorrhage and intraventricular hemorrhage cast. Emergency bilateral lateral ventricle drainage was performed. During the long-term follow-up, the patient recovered well with the GOS score of 5 points.
Intraoperative angiography found cerebral vasospasm in 3 cases. Angiography showed that the great vessel wall was stiff, and the diameter of the stenosis was >25%. In one case, the tip of the guiding catheter was attached to the wall. After and the position of the leading end of the guiding catheter was adjusted, the vasospasm was alleviated 10 minutes later. The other 2 cases were aneurysm artery vasospasm. Continuous catheterization of 30 mg fasudil via the microcatheter was performed. About 30 minutes later, angiography showed alleviated vasospasm ( Figure 5 ). Intraoperative intravenous pump of nimodipine resulted in no significant ischemic brain changes and neurological deficits.
In this study, there was 1 patient who experienced incomplete aphasia and no significant abnormalities in physical activity after CLINICAL RESEARCH the surgery. However, no acute thrombosis or cerebral vasospasm was seen during the surgery. The patient had C1 segment of internal carotid artery (red arrow) with ipsilateral A2 wide-necked aneurysm (black arrow, Figure 6A ). After communicating with the family members of this patients, they asked for medication treatment for C1 segment aneurysm and stent-assisted embolization for A2 wide-necked aneurysm. Angiography indicated a good brain blood supply ( Figure 6B ). After awakening, the patient was clear-headed with severe incomplete motor aphasia. Six months later, cerebral angiography showed aneurysm recurrence ( Figure 6C ). The patient underwent reoperation. The carotid artery stent (Protege 7×40) was used to cover the internal carotid artery dissection and then placed into the recurrent aneurysm through the microcatheter. Six coils were placed and LVIS Jr stents were used to cover the diseased vessels ( Figure 6D ).
One year after surgery, Ct angiography and magnetic resonance angiography showed that the patient had no recurrence of aneurysms. The left internal carotid artery stent was good, and the dissection disappeared ( Figure 6E, 6F ). Surgical results of enrolled patients are listed in Table 2 .
Discussion
A large number of experiments have confirmed that stent-assisted coil embolization is safe, effective, and practical for the treatment of ruptured intracranial aneurysms [9] [10] [11] . Although complications are rare, some cases can experience serious adverse consequences [11, 12] . Complications should be avoided as much as possible. 
Surgical complications N=9
Acute thrombosis 3
Aneurysm rupture 2
Cerebral vasospasm 3
Neurologic deficit 1 
F
The acute thrombotic events in endovascular treatment pose great challenges to neurosurgeons because severe thrombosis can cause large blood vessel blockages leading to endovascular treatment failure and serious complications. More importantly, both the risks of thrombosis and postoperative aneurysm rebleeding should be evaluated [13] . Corresponding treatments are made in clinical work based on the characteristics of individualized patients. In this retrospective study, there were 3 cases of postoperative acute thrombosis. The risk of postoperative aneurysm rebleeding has been greatly reduced. Hence, the majority treatment was contact thrombolysis to reduce the occurrence of severe cerebral ischemia in the shortest time. Here, we utilized stent-assisted coil embolization in the surgery. We considered that the successful rate would not be very high using solitaire AB stent for thrombectomy since it may cause the shift of original stent, impair the blood vessels and increase the bleeding risk. We still selected the approach of microcatheter combined with tirofiban and urokinase and achieved a better efficacy. We found that 2/3 of the patients with acute thrombosis were cured without severe complications. However, this approach is risky for those with abundant arteries since it could increase the occlusion risks when placing the double stents.
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The reasons for the analysis of acute thrombotic events in the course of treatment may be as follows: 1) Preoperative preparations, such as standardized antiplatelet aggregation therapy, were not performed.
2) The blood vessel wall was stimulated when placing the stent, thus leading to platelets aggregation and thrombus.
3) The stent opened or malapposition.
We summarized some suggestions to reduce the incidence of intraoperative acute thrombotic events: 1) Intravenous injection of 11-13 mL of tirofiban (100 mL/5 mg) before stent placement and 6-9 mL/hour (calculated according to kilogram body weight) with intravenous pump after the surgery for 36-72 hours.
2) The procedures should be soft and careful to avoid injury to the arterial intima especially during the release of the stent. 3) Appropriate stents should be selected to reduce the incidence of stent opening and malapposition. 4) Heparin (3000 units heparin sodium in 500 mL saline) should be administrated through the guiding catheter during the whole procedure. Continuous intravenous infusion of heparin is performed to maintain the local heparinization.
The possible causes for aneurysm rupture occurs during interventional surgery were: 1) Specific morphology and pathological features of the aneurysm may increase the bleeding risk, such as blood blister-like aneurysms and berrylike aneurysms [14, 15] . 2) High blood pressure, coughing, reflux aspiration, and any other sudden rise in intracranial pressure during the general anesthesia can induce aneurysm rupture.
3) Regulation of high-pressure injector system. In SAH patients who are highly suspected of being with aneurysms by angiography, the velocity, contrast volume, and pressure should be adjusted to a lower level in the blood vessel. For example, the administration in internal carotid artery may be adjusted to 4 mL/s, 6 mL and 250 psi, which was equivalent to the standard for vertebral arteriography. 4) The technical operation of a surgeon was very important. For example, selection of the coil size and stent model, as well as the procedure ability of the surgeon were closely related to the occurrence of hemorrhagic complications. Intraoperative bleeding can increase the difficulties in endovascular treatment that can even endanger the patient's life [16] . Therefore, emergency treatment during surgery was very important.
Here, we summarized some recommended treatments: 1) When epilepsy occurs during local anesthesia, antiepileptic drugs, sedation, intubation and CT examination should be performed immediately to determine the following treatment.
2) Strictly control the blood pressure and keep anesthesia steady. 3) Heparin is neutralized in time and the aneurysm cavity is quickly filled. 4) Postoperative control of blood pressure strictly and timely review of CT contribute to the effectiveness of interventional treatment and intracranial hemorrhage.
The degree of arterial spasm in this study was lighter, but it should also arouse our attention. Several reasons should be considered: 1) Subarachnoid hemorrhage directly stimulates the blood vessel wall.
2) The procedure is not gentle in handling the guidewire and catheter. 3) Inappropriate position of the contrast catheter or guide catheter. The position of the end of the contrast catheter or guide catheter is poor, reverse or adhering. When the tip of the catheter is reversed, the pressure of the contrast agent is too large to stimulate the artery wall. Besides, the adherent catheter directly stimulates the artery wall to lead to vasospasm. 4) Contrast agent concentration is too high to result in increased partial pressure. In our treatment, local and systemic vasodilators were used to alleviate cerebral vasospasm.
In the endovascular treatment, it is necessary to ensure that the patient is stable under general anesthesia. There are some terminal and smaller ischemic events cannot be reflected by angiography during the surgery. In the postoperative period, patients may experience neurological deficits with different degrees [17] . In the present study, 1 patient experienced severe motor aphasia after surgery. This patient had no obvious abnormalities during the surgery. The reason for the postoperative neurological deficits might be explained by the spindle-like dissecting aneurysm in the ipsilateral internal carotid artery. The lumen stenosis in the middle part was more than 50%. During the surgical operation, the guiding catheter was passed through the stenosis and placed for a long time, further narrowing the lumen of the internal carotid artery. The alteration of local blood flow might result in the entrance of small emboli in the anterior circulation vessel, thereafter resulting in a lacunar infarction in the distal functional area. This case gave us a recommendation that communication with the patient's family is of great importance. After the consent of the family members, ischemic risk factors such as carotid artery dissection should be first treated to minimize the occurrence of complications.
There are many prognostic factors affecting stent-assisted coil embolization for the treatment of complex aneurysms and its complications [18, 19] . This requires a better summary of clinical experience and improvement of surgical skills in the future work accompanied by the advanced nerve intervention equipment. We believe that the treatment of complex aneurysms will be more simplistic and effective in the near future.
Conclusions
Stent-assisted coil embolization is safe, effective, and feasible for the treatment of intracranial ruptured aneurysms. However, clinical skills should be improved to reduce the occurrence of complications. Prompt and timely treatment for complications of intracranial ruptured aneurysm is also of great significance.
